In this study, the electrical discharge characteristics of an atmospheric-pressure helium plasma jet using radio-frequency power supply are investigated by measuring the electrical parameters (voltage, current, power, and phase angle). The plasma parameters (electron temperature and electron density) are estimated on the basis of the electrical experiment data using the equivalent circuit model and the power balance equation. By varying input power, a ''phase saturation'' region is identified. The optimized flow rate ratio between oxygen and helium is found to be 0.1/40 slpm in the experiment.
A low-temperature radio-frequency (rf) plasma source at atmospheric pressure exhibits many characteristics of a lowpressure glow discharge. Since the plasma source operates at atmospheric pressure, processing and treatments can be implemented under a continuous on-line mode without costly vacuum equipment. Plasma, which is highly energized and extremely active, has an inherent tendency to create numerous radicals, and easily reacts with other molecules. 1) One of the promising sources is the atmospheric-pressure plasma jet (APPJ), which produces short-lived reactive species and propels them out of the source. 2, 3) Electrodes consisting of coaxial cylinders are usually employed in APPJ, and discharge stability is achieved by cooling both electrodes and increasing the flow rate of helium gas. With the use of an rf power supply, the operation in the mode is beneficial for the stable discharge and suppresses transition to the occurrence of arcs. 4, 5) The gas temperature of the discharge is typically between 25 and 200 C, and thus the thermal damage to the substrate is decreased or even eliminated.
2) To date, APPJ has been used to ash photoresist, etch polyimide, tantalum, uranium oxide and silicon dioxide, and deposit silicon dioxide and silicon nitride films.
In this study, we investigate the electrical discharge characteristics of our recently developed APPJ system. The related electrical measurements have been performed by using an rf measurement system, the Z-scan, and the experimental results of which are reported in ref. 6 . In this study, the equivalent circuit model is proposed to simulate current-voltage characteristics (I-V curve); consequently, electron density is determined; electron temperature is estimated with the aid of power conservation balance on the basis of the data of current-power characteristics (I-P curve). And a ''phase saturation'' region is identified by analyzing its phase angle characteristics.
For the electrical discharge to occur in the thin annular space between cylindrical electrodes with respect to the radius of the inner electrode and its length, it is convenient to modify the complicated electrode configuration to a more simplified model of parallel plates separated by a gap of d equal to 1.2 mm and with a large area A. Therefore, the discharge plasma in APPJ can be modeled by an equivalent circuit composed of a capacitor C s , an inductor L p , and a resistor R p in series, on the basis of the homogeneous model of capacitive discharge. 7) Note that the self-consistent models of such discharges are relatively complicated, even for the simplest parallel-plane electrodes. To obtain analytic solutions, various simplifying assumptions have been made as introduced in ref. 7 . The discrepancy brought about by the electrode geometric configuration is taken into consideration by introducing a fitting variable independent of the other physical parameters of the discharge.
In the most simplified discharge model at atmospheric pressure in helium gas, plasma density is usually calculated from the relationship J rf % J e cond ¼ Àen e e E bulk , where J is the current density (A/m 2 ), e is the unit charge (C), e is the electron mobility (m 2 V À1 s À1 , which is dependent on the gas medium and is inversely proportional to pressure), E is the bulk electric field (V/m), and n e (m À3 ) is the electron density. On the basis of the fact that the conduction current predominates the displacement current in the bulk of plasma and current continuity is conserved in the circuit, it is reasonable to assume that the electron density n e is proportional to the rms value of applied current I rf as follows:
In the bulk of the discharge plasma, the electron plasma frequency is ! 2 pe ¼ n e e 2 =" 0 m; the capacitance of the electrodes consisting of parallel plates is known to be C 0 ¼ " 0 A=d; the inductance is known to be approximated by the following expression:
where we have introduced the intermediate parameter ¼ md=e 2 A; and the equivalent resistor in series with the inductor in the quasi-neutral bulk of the discharge is obtained in the form of
where is the electron-neutral collision frequency at atmospheric pressure. Discharge current in the sheaths is predominantly in the form of displacement currents, owing to the large electrical field and relatively immobile ions in the regions. In the homogeneous model, a simpler expression of the capacitance of both sheaths can be derived as
in which the power supply operates at an angular frequency ! equal to 2 Â 13:56 Â 10 6 Hz and the second equality is achieved using eq. (1). Then, on the basis of the equivalent circuit model aforementioned, we can readily establish the relation between the rms value of externally applied voltage V rf and that of current I rf as follows:
For convenience, we introduced the variables ¼ ¼
A=2e to simplify the above equation. Taking into account the fact that the electrode configuration actually corresponds to coaxial cylindrical arrangements, although it has been modeled with the parallel-plate configuration, we modified sheath capacitance by introducing a correction factor, . Correspondingly, eq. (5) is converted as follows:
The correction factor and the coefficient introduced in eq. (1) are determined simultaneously by fitting the experimental data with eq. (6), after which the plasma electron density at the specific electrical current is evaluated further using eq. (1). In Fig. 1 , the experimental results of the I-V characteristics as well as the fitting curves with respect to helium plasma are illustrated, in which the solid line is fitting curve using eq. (6). It is indicated that when the coefficient parameter takes the value of 1:212 Â 10 11 cm À3 A À1 , the curve described by eq. (6) fits the experimental data very well. Thus, in most of the range of the measured I-V curve, the rms value of voltage varies with the rms value of current according to a branch of a hyperbola, instead of a linearly increasing relationship. Furthermore, the electron densities for helium plasma are calculated using the obtained coefficient parameter at various applied voltages using eq. (1). The results are shown in Fig. 2 in terms of externally applied voltages with electron density expressed on the logarithmic scale, because in practice, the controlled parameters are usually power and externally applied voltage.
Average electron temperature is evaluated from a steadystate power balance on the free electrons in the plasma:
where P is the power density (W/cm 3 ), " rad is the energy loss due to radiation (W/cm 3 ), T g is the gas temperature (eV), K iz is the ionization rate coefficient (which is a function of T e ), and " iz is the first ionization energy (eV) from the ground state; a Ã represents the first excited state of the atom, " a Ã and " iZ Ã are the first excitation energy and ionization energy of a Ã , respectively, K ex is the excitation rate coefficient, and K iZ Ã is the ionization rate coefficient from the first excited state (which is also a function of T e ). The gas density n g is given as n g ¼ p=T g in terms of gas pressure p (Pa) and gas temperature T g (eV) according to Dolton's law. In this equation, K el,e{i , K el,e{a , and K el,e{a Ã are the electron-ion, electron-atom, and electron-excited state collision rate coefficients (which are functions of T e ), respectively. Equation (7) includes many energy dissipation factors involved in the discharge process; however, in our case where cold plasma generation with a low power density is concerned, many terms become negligible and can be eliminated. The concentrations of the species available, such as the excited and ionized atoms, are even much lower than the gas density by many orders. Therefore, it is reasonable to drop off the terms representing the electron-ion and other electron-excited atom collision processes. Energy loss due to radiation does not impose a considerable effect on the power balance equation for cold nonequilibrium plasmas. Hence, only considering the dominant terms in eq. (7), the power balance equation is simplified as follows:
where the gas mole mass M is 4 Â 10 À3 kg for helium. The ionization energy of the helium atom is 24.6 eV and the most important excitation process is the transition from the ground state 1s
2 to the first excitation state 1s 1 2s 1 ; the difference of energy level between them is 19.8 eV. To calculate electron temperature, it is convenient to employ the Arrhenius form of various ionization and excitation coefficients. For helium, they are readily obtained in ref. 9 , which are illustrated in terms of electron temperature T e in units of eV as follows: Fig. 1 . Measured I-V curve for atmospheric-pressure plasma discharge for flow rate equal to 40 slpm. The solid line is the fitting curve using eq. (6). 
All the coefficients are in units of cm 3 s À1 . As far as the stepwise ionization process is concerned, the ionization from the metastable state with a long lifetime contributes to the sustainment of plasma according to the following reaction:
He þ e ÀÀ* )ÀÀ
Correspondingly, the steady-state rate equations are readily established and solved with the concentration of metastable species in the form of
where the coefficient rate for deexcitation is K de-exc ¼ 2:9 Â 10 À9 cm 3 s À1 .
10) The electron-atom collision rate coefficient K el,e{a for helium is obtained after fitting the cross sections given by McEachran and Stauffer and integrating over a Maxwellian electron energy distribution function.
11) The result can be reproduced within 2% for the range 1:0 < T e < 3:4 eV using
The electron temperatures in helium plasmas are evaluated on the basis of the data of I-P characteristics measured experimentally and shown in Fig. 3 . We employed eq. (8) using eqs. (9)- (13) to estimate electron temperature, and the electron temperatures thus obtained are shown in Fig. 4 in terms of the various rms values of the current higher than 0.9 A (21.6 mA/cm 2 ), which correspond to the conditions in Fig. 3 . Consistently, the estimated electron temperatures fall into the electron temperature range from 1 to 2.5 eV, which is required for applying eq. (13) validly. Electron temperature in the helium plasma increases from 1.34 to 1.98 eV with current increasing from 0.9 A (21.6 mA/cm 2 ) to 2.1 A (50.3 mA/cm 2 ). We know that electron temperature is inversely proportional to the total cross-sectional area of an atom according to T e / e E ¼ E= T n 0 , in which e is the electron free path length, T is the total cross-sectional area, and E is the applied field. The total cross-sectional area of helium atom decreases from 5:628 Â 10 À16 to 3:107 Â 10 À16 cm 2 as the electron energy increases from 0.3 to 15 eV, 12) which results in electrons becoming more accelerated. Accordingly, electron temperature in the helium plasma increases with applied voltage, as shown in Fig. 4 .
The phase angle and current characteristics can be obtained with the relation P ¼ I Á V Á cos directly on the basis of the I-V and I-P curves in Figs. 1 and 3 . We found that the phase angle between rf current and voltage decreases rapidly to 74 when current increases to 1.2 A. Afterwards phase angle decreases very slowly from 74 to 76 until arcing occurs at a current of 2.1 A. The range from 1.2 to 2.1 A is called the ''phase saturation'' region, in which the discharge is very stable and is suitable for practical application. The optimized flow rate ratio between oxygen and helium is also found to be 0.1/40 slpm in a previous experiment at which a low power consumption and a wide operational range for an rf power of about 200 W are obtained.
We have investigated the discharge characteristics of APPJ by evaluating its electron densities and temperatures on the basis of the equivalent circuit model and using the power balance equation. It is found that the electron density of the cold helium plasma at atmospheric pressure generated using a capacitively coupled radio-frequency discharge is of the order of 10 11 cm À3 in the stable operation range, and electron temperature approaches 2.0 eV at its optimum input power of 200 W.
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